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Abstract
The blood velocity vector can be estimated using synthetic aperture techniques in medical ultrasound by using short
emission sequences. The whole image region is insonified and the flow can be tracked in all directions continuously. This
is a major advantage compared to commercial systems, since the separation between blood and tissue is greatly eased by
this, and the estimates can be averaged over long time than in traditional systems. Vector velocity imaging can, thus, be
made and attain an order of magnitude higher precision than in current commercial systems and at higher frame rates. It
is also possible to visualize very slow moving flow. The paper will present methods for making such imaging.
1 Velocity estimation in medical
ultrasound
The blood velocity be estimated in medical ultrasound and
displayed as the color flow map image shown in Fig. 1.
Here a blue color indicates velocity towards the transducer
and red away from the transducer. The velocity is esti-
mated by acquiring 8 to 16 focused ultrasound lines in the
same direction. The velocity is estimated from either the
phase shift between consecutive lines [8, 12] or the time
shift estimation [1, 2, 4].
Figure 1: Conventional color flow map image of the inter-
nal carotid artery.
The time shift is generated by the motion between pulse
emissions, which along the ultrasound beam is
z = Tprfvz = Tprf jvj cos :
Here Tprf is the time between plus emissions, vz is the ax-
ial velocity, jvj is the velocity magnitude and  is the angle
between the ultrasound beam and the flow direction. z is
translated to a time shift as
ts =
2jvj cos 
c
Tprf =
2z
c
Tprf
where c is the speed of sound. The velocity is then found
by cross-correlating two consequitive measurements y1(t)
and y2(t) = y1(t  ts):
R12() =
Z
y1(t)y2(t+ )dt (1)
=
Z
y1(t)y1(t  ts + )dt = R11(   ts);
where R11() is the autocorrelation of the received signal.
The position of the maximum value in R12() is, thus, di-
rectly related to the axial velocity.
The currently used methods have two major limitations:
only the axial velocity component can be detected due to
the cos  factor and the estimates often have a high variance
due to the few samples acquired in each direction. This is
difficult to increase as the frame rate then drops and makes
the images less useful for studying the pulsating flow in the
human body. Methods that can find the velocity vector and
at the same time increase the information acquisition rate
is therefore of great interest.
2 Synthetic aperture velocity
estimation
One possible solution to the problems is to use synthetic
aperture imaging for acquiring the data. The sequential
line acquisition in one direction at a time in conventional
ultrasound is replaced by insonifying the whole image re-
gion. A spherical wave is emitted from one or a couple
of elements and insonifies the whole region. The scattered
field is then received by all transducer elements. The pro-
cess is repeated for all transmitting elements on the aper-
ture and for each emission a low resolution image (LRI) is
formed by focusing the received data. All the low resolu-
tion images are then added and this ensures that a dynamic
transmit focusing is attained [6, 13]. The resulting images,
thus, have dynamic focusing during in both transmit and
receive, and a higher image quality is attained. The imag-
ing can also be made fast by only employing few trans-
mit events for each high resolution image at the expense of
higher side-lobes in the resulting point spread function.
Such an imaging scheme can also be used for flow esti-
mation. The complication here is that the object moves
during the acquisition and the data are, thus, not fully in
phase. This will only slightly distort the data as the motion
is small for the pulse emission times in medical ultrasound.
The speed of sound is 1540 m/s in human tissue and imag-
ing down to 15 cm takes 200 s giving a pulse repetition
frequency of 5 kHz. Typically peak blood velocities are
around 1 m/s giving a maximum motion of 0.2 mm be-
tween emissions. The point spread function is affected by
this, and it is important to take this change into account.
This is done by using short emission sequences as shown
in Fig. 2, where a sequence with 2 emissions are repeated.
Each column in the graph shows the emitting aperture, the
resulting point spread function (PSF) for the LRI, the ad-
dition of LRIs, and finally the high resolution image (HRI)
as the shaded gray PSF in the bottom.
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Figure 2: Principle of synthetic aperture velocity imaging
(from [14]).
The point scatterer is moving towards the transducer, and
the PSF is different for the combination of emission 1 and
2 from the combination of 2 and 3, and this severely affects
the correlation between the two signals. However, the PSF
for the combination of emissions 1 and 2 and the PSF from
emissions 3 and 4 are similar, apart from the translation to-
wards the transducer. The motion can therefore be found
by correlating these two PSFs and the shift in position can
be found [14]. Dividing by the time between the two PSFs
directly gives the axial velocity.
The approach has several advantages. Foremost the whole
region is insonified continuously. Therefore data can be
beamformed everywhere in the region continuously and
the moving blood can be tracked continuously. The beam-
formed data can, thus, be correlated over as much time as
the velocity is quasi-stationary, and this significantly in-
crease the accuracy of the velocity estimates. A second
advantage is that data can be beamformed in any direction,
and this can be used for solving the angle problem. The
true velocity magnitude can be found by beamforming fo-
cused lines along the flow direction as shown in Fig. 3.
Cross-correlating these lines then directly can reveal the
motion in the direction and dividing by the time directly
gives the velocity magnitude [7].
Figure 3: Directional beamforming (from [7]).
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Figure 4: Averaging of the cross-correlation function for
the different emissions (from [7]).
The cross-correlation of the data is shown in Fig. 4. Here
data from the same emission sequence is cross-correlated,
so data from emission n and n+Nt are correlated, where
Nt is the period of the emission sequence. These cross-
correlation functions are then averaged over the time the
flow can be considered quasi-stationary to optimize the es-
timate.
SA imaging and directional beamforming can significantly
increase the accuracy of velocity estimation. An example
is shown in Fig. 5 for a flow perpendicular to the ultra-
sound beam, where a traditional system would not be able
to detect the it. For the SA acquisition 8 emission spaced
over the aperture were used and this was repeated 16 times.
The velocity was then detected by cross-correlating the
lines. A standard deviation of 1.2%was attained [7], which
is an order of magnitude more precise than current sys-
tems, so this give a fully quantitative estimate. Also the
imaging is fairly fast. 128 emissions are used for one im-
age and using a pulse repetition frequency of 5 kHz gives
roughly 40 images a second that can cover the full heart. A
conventional color flow image would require around 4-500
emissions to cover the same region.
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Figure 5: Directional velocity image at 90 degrees (from
[7]).
3 Dual stage flow imaging
The major disadvantage SA flow imaging is the huge num-
ber of calculations to be performed per second. A full im-
age along the flow directions have to be beamformed for
each pulse emission, which often is at least 100 - 1000
times more than for a conventional scanner. This currently
precludes a real time implementation of the approach on
commercial platforms and other more efficient approaches
must be developed.
A possible solution is to employ dual stage beam form-
ing, which divides the processing into two steps [9]. A
first stage that consist of a simple static beamformer with
a fixed focus in both transmit and receive as shown in Fig.
6. This reduces the data from the multiple elements in re-
ceive to a single signal that is then used in the next stage
beamformer. Here the signals from all the first stage beam-
formers are combined to a dynamically focused signal as
illustrated in Fig. 6. The green dots indicate three differ-
ent image point and how the data are combined from the
first stage signals. This approach reduces the number of
calculations by the number of receiving elements and the
amount of data correspondingly and, thus, makes it possi-
ble to implement. The approach maintains the advantages
of synthetic aperture imaging with a slight reduction is im-
age quality, but it is still an improvement compared to tra-
ditional imaging [3].
Figure 6: Dual stage beamforming approach.
The method can also be applied to flow imaging. Here
a short sequence of emissions are repeated continuously.
The received first stage data is then beamformed in short
focused lines that are oriented along the flow direction and
positioned symmetrically around the point where the ve-
locity should be found [10, 11]. Such an approach has been
used in Fig. 7
Figure 7: Dual stage velocity image at 70 degrees (from
[11]).
In this example four emissions are used spaced 7 apart,
and the first stage beamformer is focused 5 mm from the
surface. 64 elements are used in transmit and receive, and
the emission sequence is repeated 12 times, so the full im-
age is generated in 48 emissions. The transmission and
reception is made by the experimental ultrasound scanner
SARUS [5] and all the channel data is sampled and stored
on disk for off-line processing. The flow is generated by
a circulating flow rig system generating a parabolic flow
with a with a peak velocity of 0:1 m/s. The angle between
the flow and the and ultrasound propagation direction is
70 degrees. In this example the relative standard deviation
and bias are 4:3% and 4:2%, respectively [11].
4 Conclusion
Synthetic aperture imaging can be adapted for flow esti-
mation. This is done by using short, repeated emission se-
quences and then correlate data obtained with similar scan
sequences. The approach has several advantages compared
to traditional velocity estimation. Foremost the full region
is interrogated continuously and this makes it possible to
track the motion continuously. For these system it is, thus,
much easier to separate stationary tissue and flowing blood
as the estimates can be averaged over considerably longer
time making it possible to detect very slow moving flow.
The imaging can also be made fast as the number of emis-
sions for a full image often can be limited to 50-100. This
translates into a frame rate of 50-100 Hz even for larger
structures as the heart. The introduction of dual stage beam
forming also makes it possible to reduce the number of
calculations dramatically and paves the way for possible
commercial implementations.
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